Documenting any change in airway dimensions over time may be relevant for monitoring the progression of pulmonary diseases. In order to correctly measure the change in segmental dimensions of airways, it is necessary to locate the identical airway segments across two scans. In this paper, we present an automated method to match individual bronchial segments from a pair of low-dose CT scans. Our method uses the intensity information in addition to the graph structure as evidences for matching the individual segments. 3D image correlation matching technique is employed to match the region of interest around the branch points in two scans and therefore locate the matching bronchial segments. The matching process was designed to address the differences in airway tree structures from two scans due to the variation in tree segmentations. The algorithm was evaluated using 114 pairs of low-dose CT scans (120 kV, 40 mAs). The total number of segments matched was 3591, of which 99.7% were correctly matched. When the matching was limited to the bronchial segments of the fourth generation or less, the algorithm correctly identified all of 1553 matched segments.
INTRODUCTION
The airway dimensions are affected by pulmonary diseases such as COPD. Documenting any change in airway dimensions over time may be relevant for monitoring the progression of such diseases. Further, it may be necessary to assess the effect on airway dimensions of therapeutic responses. The change in airway dimensions, such as lumen diameter and wall thickness, may be documented over individual airway segments across timeseparated CT scans. [1, 2] In order to correctly measure the change in segmental dimensions, it is necessary to locate the identical segments across two scans of a same patient.
Individual segments of a human airway have tubular structure, and the centerline of this tube may be curved to a certain extent. Each airway segment is characterized by low-intensity lumen area and high-intensity airway wall that surrounds the lumen. Automated matching of bronchial segments in low-dose CT scans is a challenging task due to the complicated nature of airway tree structure and the amount of noise present in the image. Segment matching is especially challenging for smaller airways because the airway tree becomes more naive for higher-generation segments.
An earlier approach to this problem presented by Tschirren et al. [3] used the information from the skeletal apperance of the airway tree, such as inheritance relationship, length, and orientation angle, for matching the segment pair. [3] Their method used the segmental information to build the association graph, with a vertex representing a segmental match candidates across two scans and an edge between two vertices representing the identical relationship between two candidates within the same tree for the connected vertices. The matching segments were then determined by finding the maximum clique from the established association graph.
In this paper, an automated airway segmental matching method is presented which uses the intensity information around the branch points by using 3D image registration technique in addition to the skeletal graph LI I Figure 1 . Identification of individual segments in an airway tree. On the left CT slices are shown with the arrows indicating major airways. On the right the identified airway segments from a single CT scan is shown. The boxes are placed on the trachea and two main bronchi, and the centerlines of the segments are colored with different colors.
structure. Using the intensity information in addition to the tree's skeletal structure should result in more robust matching of airway segments, as it depends less on the predetermined properties of airway tree drawn from training data.
Image registration is widely employed in various modalities of medical images such as X-ray, computed tomography (CT), magnetic resonance (MR), and ultrasound. [4, 5, 6, 7] The need for image registration arises in clinical settings as integration of data obtained from the separate images is often desired. [8] The proposed segment matching algorithm performs 3D image registration on the ROIs around the end points of individual airway segments in order to assess the similarity of two regions.
METHOD

Overview
An input to the matching algorithm is the skeleton of the segmented airway tree. The skeletal representation of the airway tree is obtained using a method outlined in [1] . The airway lumen is segmented from the CT images using adaptive 3D region growing, and 3D thinning algorithm is used to get the skeleton of the airway tree. Our matching algorithm consists of two stages; first, individual airway segments are located separately in two scans, then the corresponding segments are matched across identified segments.
Segment Identification
First, individual segment needs to be identifed for each airway tree, as shown in Figure 1 . Starting with the trachea, the centerline of the airway tree is traversed to locate the start and end points of individual airway segment. When a bifurcation of the centerline is encountered, the algorithm ends the current segment and starts new segments. A tree data structure is used to represent the entire airway structure. Each node in the tree corresponds to an airway segment, and the subsequent segments are represented as children nodes. 
Segment Matching
For each airway segment, the start point is the end point of the parent segment, and therefore only an end point needs to be matched. The entire matching process is outlined as a flowchart in Figure 2 .
The branch points are matched starting from the end point of the trachea. Two candidate branch points, once identified as match candidates, need to be evaluated for correct matching. The matching criteria is discussed in Sections 2.2 and 2.3. Once a pair of match candidates is matched, the next pair of candidates need to be determined. This process is described in Section 2.4. When the candidates fail to match on the first try, then the matching is attempted once more with adjusted match candidates. This process is described in Section 2.5.
ROI Matching
To determine if two match candidates have identical end points, a 3D image matching algorithm was used. First, a spherical region of interest is established around the end point of each segment. The size of ROI (diameter of sphere) is determined based on the branch generation for the given segments and is chosen to include the entire airway and some lung parenchyma region around this airway. Specifically, the diameters were set to 35 mm for the first two generations, 20 mm for the next two generations, and 15 mm for the remainder of the segments.
A 3D image correlation matching algorithm is then used to evaluate the similarity of the two end points (match candidates). The MSE is computed between two spherical region as shown in Equation 1, where the summation terms only apply to the spherical region. where c1 and c2 are the spherical ROIs around each candidate's end point.
The optimal translation and rotation values were found to minimize the MSE between the two ROIs. (i.e. two ROIs were registered to one another) The translation in each of x, y, and z directions was limited to 3.5 mm, and the rotation around each of three axis was limited to 10 degrees.
Since two trees are from the same patient and have small variation in their orientations, the assumption was that the minimum MSE would be reached at small translation and rotation values. In other words, it was assumed the best match location is very close to the starting location (zero translation and zero rotation) if the candidiates were the identical end points in the first place. Therefore, hill climbing approach was used to search for the minimum MSE, where the search proceeds toward the steepest decrease in MSE until a local minima is found.
Matching Criteria
The registration of two candidate ROIs yields a minimum MSE. The candidates were classified as a match or non-match based on this MSE value, as shown in Equation 2.
M atching decision
where M M SE is the minimum MSE value resulting from the registration of two ROIs, and gen is the generation of a given airway segment.
The threshold was determined based on the registration of the trachea's end points, as the trachea can be matched robustly in majority of cases. Setting a threshold this way prevents overfitting of the preset parameter (MSE threshold) to the training data. When making a matching decision, some level of tolerance was added to the threshold in order to compensate for MSE variations in different pairs of ROIs.
Different thresholds were used for the segments in different generations since the diameters of the ROIs were varied based on the branch generation. The spherical ROIs with different sizes (35 mm, 20 mm, and 15 mm) were established around the end point of the trachea, and the minimum MSE values were obtained and used as the threshold for each ROI size. The algorithm's parameters, including the ROI size, level of tolerance, and maximum allowed translation and rotation, have been fine-tuned using 6 cases that have been set aside for training. 
Candidate Determination
Once a pair of end points is matched, the search space for the children segments are constrained to the subtree following the matched node. The next pair of candidates are chosen from the children of the end points that were just matched ( Figure 4 ). In the candidate selection process, it is necessary to determine which children in tree 1 and tree 2 should be paired as a match candidate.
For example, consider a case where the number of children is two, which is in fact the most frequent case. Given the matched segments m1 and m2, there would be the children nodes c1a and c1b of the parent m1 and the children nodes c2a and c2b of the parent m2. In this case, there are two possible scenarios of match candidate pairs. The first scenario would be c1a-c2a and c1b-c2b pairs, and the second would be c1a-c2b and c1b-c2a pairs.
The goal is to pair the candidates that are most likely to be the same segments. To do so the orientation angle of each airway segment is taken into account. The angle between the segments in each of possible pairs is computed for all possible scenarios. The scenario with the minimum angle difference is chosen by the algorithm, and the matching proceeds with this scenario for comparing the branch points of the children segments. This decision process is represented in Equation 3 .
where X is a scenario in a set S of all possible scenarios, p is a pair of match candidates (from tree 1 and tree 2), and Angle(p) is the angle between a candidate pair p.
Non-match (Extended Search)
This section describes how the algorithm proceeds when a chosen candidate is determined to be a non-match. A non-match means that the candidate segments have the correct starting point locations, since these have been matched as the end points of their parents, but have different end points.
Assuming that a given candidate pair was correctly chosen in candidate determination step, the only reason for a non-match would be the difference in segment length. The variation in airway tree segmentation for two scans can cause such a case. Due to incomplete segmentation, a candidate segment from tree 1 could be missing a sub-branch that would otherwise originate from the middle of the segment, while another candidate segment from tree 2 is terminated by this sub-branch. In other words, there can be a branch point that is identified by the automated segmentation in one scan and not recognized in another scan. This situation is illustrated in Figure 5a .
In such a case, our algorithm introduces a dummy branch point for the tree that is missing a branch point. The algorithm creates new pair of candidate segments by cutting the longer segment to the length of the shorter segment. Once new candidates are matched, the matching process continues by determining next candidate pairs from the children of the matched segments. Since there would be only one child of the cut segment (the remainder of the segment), only one pair of candidate segments is formed for this case. Figure 5b shows this process.
EXPERIMENTS
Experimental Design
An experiment was designed to evaluate the accuracy of the segment matching between time-separated CT scans of a same patient. Low-dose CT scans of patients who have developed no symptoms in the interim were matched using the automated method. The outcome of the matching was visually verified using 3D interactive viewer ( Figure 6 ).
The accuracy of the algorithm was quantified by counting the number of correctly matched segments and dividing it by the total number of matched segments. The accuracy of the automated matching was computed for the identified segments of all generations as well as for the first four generations.
Dataset
The dataset used for the experiments included 120 whole-lung CT scan pairs. All scans had the slice thickness of 1.25 mm and were taken with low radiation dose (120 kV, 40 mAs). Six cases were used for fine-tuning algorithm parameters, and the remaining 114 scan pairs were used to evaluate the accuracy of the matching algorithm. Table 1 shows the average number of segments that were identified in two scans and the average number of segments matched by the algorithm. Approximately 67% of the segments identified separately in each scan were matched by the algorithm. Table 2 shows the result of running the automated matching on 114 scan pairs. A total of 3591 bronchial segments were matched across the scans, which corresponds to 31 segments on average per patient. The accuracy of matching was 99.7%, as 3581 segments were correctly matched. When the matching was limited to the bronchial segments of fourth generation or less, the matching accuracy increased to 100%. 
RESULTS
DISCUSSION
The proposed algorithm uses 3D image correlation technique to register the ROIs around the end points of airway segment pair. The method uses the image registration technique for the purpose of assessing the similarity of two ROIs rather than for mapping one ROI to another. Using intensity information present in CT images makes the algorithm more robust than using the skeletal structure of the airway tree alone.
The main cause of false matches was similar image appearances within ROIs of match candidates. It is possible to get low MSE for non-identical segments when the image information is similar around the end points, especially for the small branches toward the higher generation. However, as the results show, the algorithm was able to keep the false positive rate very small (0.3%).
The algorithm only matched 31 segments on average per case although more than 40 segments have been identified in individual trees. One reason is that in many cases a segment identified in first tree is not identified in second tree due to variation in airway segmentation from two CT scans. Another reason is that once the algorithm fails to find a match for a given segment, all descendant segments in the subtree originating from that segment cannot be matched.
Future work will focus on consistant segmentation of the airway tree structure across different scans of a same patient, as well as new match candidate selection mechanism that can be used when no match is found for a particular segment.
CONCLUSION
Accurate matching of airway segments across a scan pair is an essential step for assessing change in airway's segmental dimensions. In this paper, the automated algorithm to identify and match bronchial segments in a pair of low-dose CT scans is presented.
The intensity information around the end point was used as an evidence for matching segments by employing a correlation-based 3D image registration. The use of intensity information makes the algorithm robust to the variation in skeletal appearances of airway tree pair. The method has been evaluated with 3591 segments from 114 repeat CT scan pairs, and the results indicate that the algorithm performs with high accuracy.
